Abstract. The objective in this work is to assess fatigue damages on local components of a semi-submersible platform under combined actions of wind and wave loads in time domain. Some improvements are provided in the present study to improve the efficiency and accuracy of the whole evaluating process. Firstly, a combined wind and wave relationship as well as an innovative mixture simulation method are used to generate time series of random wind and waves. Moreover, an m-block division method is proposed to compress the number of the whole short-term sea states in the wind-wave scatter diagram. Then, with an improved multiple interpolation sub-model method, the structural stress responses of the local structural components are calculated as is in the whole model analysis. Finally, a modified rain-flow counting method is provided and validated to count the stress cycles efficiently and accurately. Thus, the short-and long-term fatigue damages are computed based on the S-N curve approach and the cumulative fatigue damage rule. In relative agreement with the numerical results by the traditional time-domain method and existing experimental data, these proposed improved methods are demonstrated to be applicable and efficient methods for fatigue damage analyses. All the fatigue damages on local components satisfy the specification requirements and the minimum value appears under the up wind-wave state, which is the proper working condition for a semi-submersible platform.
Introduction
A semi-submersible offshore platform is utilized for the explorations and productions of offshore energy resources in more hostile and deeper ocean environments, under which circumstances the highly flexible platform is very sensitive to dynamics, such as wind, waves, currents and earthquakes [1] . Generally, structural fatigue damage occurs due to the long-term high stress concentrations. Therefore, in view of the uncertain cyclic loadings in the sea and ocean environment, fatigue becomes one important phenomenon that causes damages and failure around the weld toe on offshore structural member connections [2] [3] [4] [5] . In consideration of the long-term structural integrity of such a complex offshore platform under the severe environmental conditions, it should be more important to accurately analyze and predict fatigue damage accumulations and consequent fatigue failure of some key local components in a proper way for a safe and reliable operation of a semi-submersible offshore platform [6, 7] .
In general, waves and wind play a major role in fatigue damage accumulations due to their continuity in time and in sequence, as being tiny, moderate, and sometimes catastrophic. They produce stochastic fluctuating stress responses in offshore structural responses [8] . Generating the fluctuating wind and wave loads with a certain relationship in the present study consists of two parts: a combined relationship between wind and waves and a proper numerical simulation method. Firstly, differing from the waves-only case, a combined wind and waves case should be taken from a scatter block with three variables (i.e. wind speed, significant wave height and wave period) [9] . In the present study, a combined wind and waves relationship, based on the energy transferring relationship between wind and water surface, is explored to provide the corresponding wind speed, wave height and period according to the previous studies and the mechanism wind generating waves [10] [11] [12] [13] . Secondly, provided that random wind and waves are a stationary Gaussian process, the combined wind and waves can be described by the power spectral density function (PSDF) [14] . Therefore, many numerical simulation methods are used to simulate the time series of the fluctuating wind and wave loads, such as the two classical approaches, the weighted amplitude wave superposition (WAWS) method [15] and auto-regression (AR) method [16, 17] . Integrating the respective advantages of WAWS and AR methods, a mixture simulation (MS) method is applied to the present study with the aid of the wavelet method, whose efficiency and accuracy has been validated in our previous work [13, 14] . Thus, a joint application of a proposed combined wind and waves relationship and an innovative proposed MS method can simulate the fluctuating wind and waves.
Fatigue is defined as a process of damage accumulation under fluctuating stress histories, which eventually results in failure. Nonetheless, the maximum working stress usually remains below the ultimate elastic limit [18] . Three fatigue damage evaluating methods are widely used to explore and determine whether the offshore structures are in a safe and reliable working condition: deterministic analysis method, frequency-domain analysis method (FDA method, i.e. spectral-based analysis method) and time-domain analysis (TDA) method [9, [19] [20] [21] . However, there are some limitations in the first two methods: the deterministic analysis method only considers the Design Wave, which leads to lower calculation accuracy compared to practical results; the spectral-based analysis method, as a widely-used method, only calculates stress with the narrow-band Gaussian random process, due to the limitation of the linear assumption [21] . Thus, as a relatively accurate method, the TDA method is adopted and improved in the present study, which generally requires the following three parts: structural dynamic response analysis [14, 22] , S-N curve approach and cumulative fatigue damage rule [20, [23] [24] [25] , rain-flow counting method [26, 27] . However, to improve the efficiency and accuracy of the TDA method further, an improved TDA (ITDA) method is provided in the present work and the improvements include three aspects. Firstly, considering that short-term stress response and fatigue damage calculations in every sea state should be carried out in TDA method, an -block division method is merged into TDA method to weaken the disadvantages of huge calculating load and long computing time as much as possible. Then, an improved multiple interpolation sub-model (IMISM) method together with the above-mentioned methods are used to evaluate the stress responses of local components of the semi-submersible platform [8, 21] . Finally, a modified rain-flow counting method is proposed to count the stress cycles more efficiently with no accuracy loss according to the previous study [6] . Thus, these three sub-methods in the ITDA method are applied and investigated in the present work to analyze the fatigue damages of local components of a semi-submersible platform.
The objective in the present study is to generate the wind and wave loads accurately and efficiently and propose an improved TDA (ITDA) method to better predict the fatigue damage of local components of the offshore structures. The paper is organized as follows: an ITDA method for fatigue damage analysis is proposed and the complete computational procedure for fatigue damage analysis is summarized in Section 2. The whole and local model of a semi-submersible platform in numerical simulation is presented in Section 3. Methods for generating wind and waves are provided in Section 4. Validation tests and numerical investigations are performed in Section 5.
Fatigue damage analysis methods in time domain
Conducting a complete fatigue damage analysis by an ITDA method generally requires the following five aspects: S-N curve approach, cumulative fatigue damage rule, rain-flow counting method, generating time histories of wind and waves and constructing and analyzing the structural model. The first three parts are introduced in this section. Due to their importance in the present study, the last two parts are presented in detail as separate sections in Sections 3 and 4, respectively. In this section, a modified rain-flow counting method is proposed to improve numerical efficiency with no accuracy lost.
S-N curve approach and cumulative fatigue damage rule
In the ITDA method, stress cycles are known as stress reversals in temporal history when fatigue damage occurs [20] . Based on a series of experimental fatigue tests, the S-N curve approach is commonly used in practice and well described in Recommended Practices and Guide for fatigue design of offshore structures [7, 23, 24] . For a better curve fitting to the fatigue test data, a multi-segmented S-N line approach sketched in Fig. 1(a) is applied in the present study [7, 18, 28] , which is defined as follows:
where each segment has its own fatigue constants, and . In this model, there is consistent one-to-one match between the fatigue life , and the hot-spot stress range with the constant amplitude ∆ . In practice, ∆ is determined by the nominal stress range (∆ ) and the stress concentration factor [29] , which can be estimated from finite element analysis [18] . Furthermore, having defined a relation between ∆ and as presented above, the Palmgren-Miner' rule [25, 30] is commonly applied to predict the cumulative fatigue damage under different stress ranges in practice. It is implemented in design codes [23, 24] and also conforms to the linear fatigue damage accumulation as in Eq. (1). As is sketched in Fig. 1(b) , it can be described by:
In which is the total number of stress cycles applied, is the number of constant amplitude stress cycles with the stress range (∆ ) in Cycle , is the number of stress cycles before failure with the stress range (∆ ) in Cycle , and is the cumulative damage ratio in the lifetime. It is generally assumed that the fatigue failure occurs when exceeds unity (i.e. > 1).
A modified rain-flow counting (MRFC) method
Developed by Matsuishi and Endo [26] , the rain-flow counting (RFC) method is utilized to count the stress cycles and ranges in the random stress-time histories [20, 27, 31] , whose basic principle is briefly concluded in the first subsection. Then, a MRFC method is proposed to improve the counting efficiency with less accuracy lost, whose detailed improvements is presented in the next subsection.
The classical RFC method (RFC method)
To simulate a pagoda roof from a stress-time history by the RFC method, the peaks and troughs of one stress-time history are connected by linear lines as displayed in Fig. 2(a) . Rainflow is assumed to begin from a peak or a trough and keeps falling on the roof until it stops as is shown in Fig. 2(b) .
Essentially, the RFC method counts half cycles. The stress range of a half cycle, which is equivalent to that of a constant amplitude load, is defined as the projection of a rain-flow path between the starting and stopping points. One thing to note is that for a long stress-time history, an alternate rain-flow algorithm is provided to count stress cycles by dividing the long history into smaller parts. 
A proposed MRFC method
The RFC process is generally divided into two stages in the RFC method by the four-peak-trough counting algorithm (i.e. A raindrop begins to flow right from a trough or left from a peak onto subsequent roofs). Furthermore, the counting pattern includes half cycles inevitably. However, the two problems may affect the efficiency of counting stress-time series [6] . Therefore, a MRFC method applied in the present study improves counting conditions and patterns, which is presented in the subsection.
The modification in the MRFC method is to count cycles using a three-peak-trough counting algorithm, which can effectively avoid half cycles in the final statistical results. The detailed improvements in the computational process are provided below and sketched in Fig. 3, a) The stress-time history is rotated clock-wise with 90° similar to the classical RFC method, such that the time axis is in vertical direction with the origin on the top and the positive direction points downward. Then, distinguished from the classical RFC method, the stress-time history in the MRFC method is regarded as multi-layer pagoda roofs. Since a raindrop begins to flow right from a trough or left from a peak onto subsequent roofs, the raindrop flow in the opposite direction when it is not blocked by a roof, e.g. path 1-2-3-4-6-10-1' in Fig. 3(a) . Thus, it can be called as a rain-flow cycle 1-6-1'. Then the maximum peak and trough values in the rain-flow path are recorded to calculate the stress range and mean stress.
b) The earlier rain-flow paths (e.g. path 1-2-3-4-6-10-1') are deleted from the initial stress-time history and this operation is implemented in MATLAB (MathWorks, USA). The rest pagoda roofs are counted by the above-mentioned method, e.g. path 6-7-9-10-11-6' that is also called as 6-10-6'.
Comparing to the counting process in the RFC method, the counting efficiency of the MRFC method is obviously improved while counting the same stress-time history. The efficiency and accuracy of the MRFC method will be validated in the following numerical cases in Section 5.
a) The first rain-flow path b) The second rain-flow path c) The third rain-flow path Fig. 3 . The counting process of the MRFC method
Procedures for the whole fatigue damage analysis
In the present study, a semi-submersible platform bears the combined actions of wind and waves. The complete computational procedures of fatigue damage analysis in time domain are summarized as follows and sketched in Fig. 4 . In Fig. 4 , all the improvements in the present work are marked with red fonts.
Step 1: build the whole model of the semi-submersible platform and the local model of key parts of the semi-submersible platform. The model information and the modeling method (e.g. the IMISM method) related to fatigue damage analyses are presented in Section 3. Meanwhile, export the finite-element grid node information (including node number and coordinates) as a txt file.
Step 2: generate time series of random wind and wave loads. A joint application of a combined wind and waves relationship and a proposed MS method is used to simulate the time series of random wind and waves of the finite-element grid nodes. Details of this step can be seen in Section 4. Then, the generated wind velocity-time histories and wave height-time histories can be converted, respectively, to time series of wind and wave loads of the corresponding nodes based on the current standards [23, 24] and the previous work [13, 32, 33] . An m-block division method in Section 4 is utilized to simply the short-term sea states for improving numerical efficiency.
Step 3: apply the time series of wind and wave loads on the corresponding finite-element grid nodes of the offshore structures by the Newmark-method with ANSYS Parametric Design Language (APDL, ANSYS, Inc., USA) [14] . Calculate the structural dynamic equations and export the structural dynamic responses (e.g. structural stresses) of the whole model and local model of the semi-submersible platform, which is also presented in Section 3.2 in detail.
Step 4: analyze the fatigue cumulative damage of the local components in each sea state based on the above-mentioned methods in this section and obtain the fatigue damage statistics of the local components. 
The offshore platform model
Firstly, the detailed model information of a semi-submersible platform is presented in the first subsection. Then, the improved multiple interpolation sub-model (IMISM) method is proposed based on the sub-model method to analyze the structural dynamic responses of local model accurately, which is provided in the next subsection.
Model information
The whole model of a semi-submersible platform in the present study is a 6th generation deep-water drilling platform, and its main dimensions are recorded in Table 1 [13] . This whole model, as shown in Fig. 4 , has five major components, from top to bottom, including a derrick, a deck, columns, horizontal braces and caissons. Structural modeling is realized by APDL similar to Cui et al. [7] 's modeling method. The beam, shell and volume elements are applied to generate the finite element model. The element size ranges from 0.25 m to 2 m. On the basis of the previous studies [6, 7] , the fatigue damage evaluation relying only on the whole model in relatively coarse scale is not accurate enough. In order to guarantee the complexity and accuracy of the fatigue damage evaluation as well as to keep the total computational cost in check, the refined local model is built to analyze the fatigue damages of key parts in the semi-submersible platform [34] . According to the previous studies and practical experience [6, 7] , the key parts are often prone to fatigue failure at the connections among the bars of the derrick, between the derrick and the columns, between the horizontal braces and the columns, between the caissons and the columns, especially at the connections between the horizontal brace and column, one of which is marked with a red circle in Fig. 5 . Four connections are defined in sequence as: connection 1, 2, 3, 4. Therefore, the connection between the horizontal brace and the column is chosen in the present study and built as a refined local model, which is shown in Figs. 5(b) and 5(c). As depicted in Fig. 5(b) , A, B, C and D are selected as the key nodes at the welding connection between the horizontal brace and the column to evaluate the fatigue damage of local components of a semi-submersible platform [21] . The boundary conditions applied on the local model are extracted from the wind and wave-induced structural responses of the whole model by the improved multiple interpolation sub-model (IMISM) method, which will be presented in detail in Section 3.2. This method is realized by the self-compiled secondary development programs in APDL in view of the basic idea of the sub-model method [34] . Thus, the modeling and mesh generation of the local model are the same as those of the whole model except that the element near four key nodes (i.e. A, B, C, D) should be refined as shown in Fig. 5(c) .
The improved multiple interpolation sub-model (IMISM) method
The sub-model method, also called the cut-boundary interpolation method, focuses on precisely analyzing the local components of a whole finite element model as shown in Figs. 5(b) and (c), which has been proved to participate in analyzing structural fatigue damage [7, 34] . However, the cut-boundary in the sub-model method can only be volume and shell elements, which cannot satisfy the complex structural characteristics of a semi-submersible platform [34] . The IMISM method applied in the present work can solve this problem by APDL, whose applicability and accuracy have been validated in Cui [21] 's work.
The IMISM method mainly includes four parts, with the major considerations and improvements listed as follows: a) Construct the whole model and analyze the dynamic response of the whole mode: Build the whole finite element model of a semi-submersible platform and calculate the wind-and waveinduced responses of the whole model [32] [33] [34] [35] .
b) Establish the local model: the local model is built using the proper elements in APDL. In the IMISM method, the stiffeners in the whole model are simulated with beam elements and the same stiffeners in the local model adopt shell elements. Extract the boundary conditions of the local model from the wind-and wave-induced responses of the whole model in step (a). c) Perform the cut-boundary interpolations of the local model: Being different from the traditional cut-boundary interpolations in the sub-model method, the multiple interpolation in the IMISM method cuts two or more boundaries at the zones near the key nodes and carries out the cut-boundary interpolation by APDL to apply the boundary conditions on the local model. d) Carry out the finite element analysis of the local model and output dynamic responses of A, B, C, D shown in Fig. 5(c) for the fatigue damage analysis.
Wind and waves loads
The section includes three improvements: In the first subsection, a combined wind and waves relationship is established in the present work and then the PSDFs of wind and waves are given in sequence. In the following subsection, a mixture simulation (MS) method is presented to simulate time series of the fluctuating wind and waves based on the above-given PSDFs of wind and waves. In the last subsection, an -block division method is proposed to compress the number of the whole short-term sea states, which can improve the efficiency of fatigue damage analyses in time domain.
A combined wind and waves relationship
In this subsection, the combined relationship of wind and waves is explored based on the mechanism of wind generating Stokes waves [10] [11] [12] . Generally, ocean and sea environments are very complex and chaotic, mostly disturbed by atmospheric phenomenon. The disturbances on ocean surfaces are irregular water waves that are mostly generated by winds [36, 37] . When the wind has imparted its maximum energy to the waves, the sea is considered fully developed.
Based on the quasi-laminar model, the Stokes wave theory and the parallel flow instability theory [10, 11] , the wind logarithm profile with the mean wind speed is disturbed by the surface elevation of Stokes waves in each order . The disturbing process is sketched in Fig. 6 . The velocities and pressures in the disturbed airflow consist of the mean values and the disturbed values in each order [38] . Then, the governing equations of inviscid fluid without high order terms can be expressed as:
where and are the horizontal and vertical velocities, both and are the disturbed velocities, is the mean velocity, is the pressure, = 1, …, , is the air density. Furthermore, the quasi-nonlinear energy transfer coefficient is introduced to explore the energy transfer relationship between wind and waves (ETR). The energy transfer in unit time and area is expressed as:
In which is the Stokes wave amplitude, is the only parameter related to energy transfer from wind to the Stokes waves, that is the above-mentioned quasi-nonlinear energy transfer coefficient. The numerical solutions of can be solved by implementing the fourth-order Runge-Kutta method [12, [41] [42] in MATLAB.
Meanwhile, the mean total wave energy can be stated as:
where expectation is to calculate the expectation of the total transferred energy, is the gravitational acceleration, is the water density, and ( ) is the power spectral density function (PSDF) of the waves. Since the fluctuating wind and waves are assumed as the stationary random Gaussian process, both of them can be described by the PSDF.
Based on Eq. (4), the total transferred energy can be written as:
where is a modified energy transfer coefficient only for = 2 which is derived from , is the modified friction velocity of the airflow [40] . The IEC (International Electrotechnical Commission) Kaimal spectral equation is selected as the wind PSDF model in this subsection as follows:
where is the wind frequency, the standard deviation of velocity component, the integral scale parameter of velocity component, and the average wind velocity at the height of 10.0 m. Therefore, the PSDF of wave can be derived from the ETR and the given wind PSDF. The derived equation is given as:
where is the wave frequency, = / is the modified frequency, ϑ is the adjusting coefficient of wave frequency, is the peak frequency, ( ) is the wave amplitude and is the peak adjusting coefficient.
Based on the above-provided PSDFs of wind and waves with a certain energy transferring relationship, the time series of fluctuating wind and waves can be simulated by the MS method which is presented in Section 4.2.
The mixture simulation (MS) method
In this subsection, the MS method is provided to generate time series of random wind and waves based on the above-proposed PSDFs of wind and waves in Eqs. (7, 8) , respectively. This method in the present study combines the WAWS method with high numerical accuracy and the AR method with less time cost [14] . Thus, it becomes an efficient and accurate numerical simulation method for generating fluctuating wind and waves.
As is mentioned in Section 4.1, the random characteristics of wind and waves are described by the PSDFs of wind and waves. The main idea of the MS method is presented as follows: The energy distributions of the PSDFs of random wind or waves can be divided into energy dispersion and energy concentration parts by the wavelet method with adopting Hanning windows [43] . The equation can be expressed as:
where ( ) is the PSDF, is the frequency of wind or waves, ( ) and ( ) are respectively the Hanning windows of the energy concentration and dispersion, ( ) and ( ) are the corresponding energy concentration and dispersion parts of ( ), respectively. According to Ma's previous works [14, 44] , ( ) simulate the time series of random wind or waves by the WAWS method, which can be considered as the time series ( ). ( ) simulate the time series of random wind or waves by the AR method, which can be analogously called ( ). The total time series of random wind or waves ( ) can be obtained by a linear superposition of ( ) and ( ).
There is something worth mentioning here. In the MS method, the temporal and spatial correlations are adequately considered in the process of simulating the wind or wave-time histories of multiple spatial points in our MATLAB codes. The applicability, accuracy and efficiency of the MS method have been validated and the detailed derivation has been provided in our previous work [14] .
An m-block division method
Fatigue damage analysis in time domain requires the structural stress response analysis of all sea states, which result in significant computational cost [21] . In this section, an -block division method combining some adjacent sea states in the wave-scatter diagram to generate fewer equivalent sea states is proposed. In the following numerical examples, this method demonstrates better numerical efficiency and sacrifices little accuracy. The basic idea of the -block division method is provided in Fig. 7 . An -block division method combines adjacent sea states as one analytical group in the wave-scatter diagram, such as = 4 or = 6, whose operating results are shown in Figs. 7(a)  and (b) . Meanwhile, the different background colors represent different groups with the corresponding equivalent wave periods and heights. The first digit's row and column are respectively wave period and height and other contents are the occurring probability of each sea state (the probability unit is %). Comparing to the traditional TDA method (i.e. = 1), the -block division method with = 4 and = 6 decrease the required analytical group number from 43 to 9 and 7, respectively. It greatly minimizes the number of sea states and reduces the computational cost. The numerical efficiency is explored in the following numerical cases. For convenience, the -block division method with = 4 and = 6 are defined as 4-block division method and 6-block division method, and the traditional TDA method (i.e. = 1) is also called as 1-division method.
Technically, 4-block division method or 6-block division method combines the adjacent four or six sea states together as one group. However, one group does not strictly consist of four or six sea states and can add or reduce one or two sea states when the occurring probabilities of one or two separate sea states are too small to be one separate group. For example, in the last row of Figs. 7(a) and (b) , both the two sea states occur with a small probability of 0.11 % and cannot be a separate analytical group; Therefore, they are added to the last analytical group. Since the sea states in one group have different wave heights and periods, the corresponding equivalent wave height and period are calculated based on the following equations:
where is the equivalent wave period of each group, is the wave period of each sea state, is the probability of each sea state, is the equivalent spectral area of the wave PSDF of each group, is the spectral area of the wave PSDF of each sea state, where = 1, …, and is the number of sea states in that group. According to the obtained and the corresponding wave heights of each sea state in this group, the equivalent wave height of each sea state in this group can be calculated by linear interpolation. The corresponding wind speed can be obtained by referring to the wave height and the combined relationship of wind and waves.
Finally, the analytical groups of all sea states compressed by 4-block division method and 6-block division method are utilized to calculate the structural stress responses for the structural fatigue damage analyses. The efficiency and accuracy of the -block division method with the proper comparing to 1-block division method are also investigated in the following section.
Results and discussion
In the section, the fatigue damages of the local components of a semi-submersible platform are analyzed and investigated by the ITDA method. The local components in the present study focus on the connections between the columns and horizontal braces. The above-mentioned improved method in the ITDA method are also discussed and validated by comparing to two traditional numerical methods (i.e. the time-domain analysis (TDA) method and the frequency-domain analysis (FDA) method) and the existing experimental data [23] .
Validation test for the MRFC method
In this subsection, the reliability and applicability of the MRFC method are validated by comparing with the RFC method. A structural stress-time history is provided in Fig. 8(a) and the stress cycle statistics counted by the two methods is presented in Fig. 8(b) . a) b) Fig. 8. a) A stress-time history extracted from the structural dynamic response of node A in Fig. 5(c) , b) the corresponding stress cycle statistics by the MRFC and RFC methods
Based on the comparison between the counted results from the MRFC and RFC methods in Fig. 8 , the maximum error is 6.67 % and the computational time using the MRFC method decreases by about 1/3 comparing to the RFC method (6.131s VS 9.192s) .
Thus, to demonstrate the accuracy and efficiency of the MRFC method further, more time-structural stress histories of node A under different short-term sea states are extracted from dynamic structural response analyses in APDL and then counted by the RFC and MRFC method. Similar to Fig. 8(b) , a series of stress ranges and corresponding cycle numbers are counted from one stress-time history curve by the RFC or MRFC method. Then, the cycle numbers corresponding to its stress range by the RFC and MRFC methods are a little different and compared to calculated its error by Eq. (12) . Thus, the maximum errors can be compared and found from numerous sets of errors by Eq. (13), which are provided in Table 2 :
where , and , are the cycle number of the th group of stress range in the th stress-time history curve by the MRFC method and RFC method, respectively. , is the corresponding error of the th group of stress range in the th stress-time history curve:
where is the statistical maximum error, {} is an operator for seeking the maximum value.
The counting results are concluded in Table 2 . Obviously, time cost in computation of the MFC method is steadily less than RFC method with the increasing number of the stress-time history curves. The data shows that the MRFC method reduces the time cost in computation by about 1/3 than the RFC method. However, the maximum errors are always ranging from 6 %, 7 %. Thus, it is concluded that the MRFC method is more efficient than the RFC method as well as sacrifices little accuracy. Therefore, the MRFC method is applicable in the present study. 
Simulation and validation for wind and waves
The sea states for a combined wind and wave case have to be taken from a scatter block with three variables (i.e. wind speed, wave height and period), as shown in Fig. 9(a) . The different colors in Fig. 9(a) represent the occurring probability of the wind and wave strength. The red color and blue color are the maximum and minimum probability, respectively. Fig. 9(a) consists of two parts: the wind speed and wave height relationship in Fig. 9(b) and a wave scatter with two variables (wave height and period) in Fig. 9(c) . Based on the MS method and the given wind and waves model in Section 4, the wind speed and wave height relationship can be explored as shown in Fig. 9(b) . The fitting curve of the numerical results are roughly in agreement with those provided by Kühn [45] 's work, especially wind speed less than 10 m/s. The errors are still within 12 % when wind speed exceeds 10 m/s. Fig. 9(c) is reproduced from the wave scatter diagram in [46, 47] . Fig. 9 (c) can respectively be simplified by 4-block division method and 6-block division method and the simplifications are already provided in Figs. 7(a) and (b) .
The equivalent wave height, wave period and probability in the analytical groups compressed by 4-block division method and 6-block division method are calculated as shown in Tables 3 and 4 . Then, the corresponding wind speeds can be computed based on the wind speed and wave height relationship in Fig. 9(b) . The equivalent results of wind speed are also listed in Tables 3 and 4 . In any short-term sea state, the statistical characteristics of wind and waves can be fully defined by the PSDF. [46, 47] These parameters can be applied to simulate corresponding random wind and waves. Then, the stress responses of local components under the loading conditions are calculated by APDL [14] . 
Analyses and validation for the m-block division method
In this subsection, the ITDA method should determine the proper value of in the -block division method in comprehensive consideration of calculating efficiency and accuracy. The S-N curves in seawater with cathodic protection from "Recommended practice for fatigue strength analysis of offshore steel structure" [20] are used. The two-segmented S-N curve is given in Fig. 10 . Fig. 10 . The two-segmented S-N curve for the following fatigue damage analysis [6] Using 1-block division, 4-block division and 6-block division methods, the short-term fatigue damage results under the incoming wind and wave angle 0° are compared to determine the proper value of . Fig. 11 depicts the comparisons of the numerical accuracy from the three methods. It is obviously shown that comparing to the 1-block division method, all the errors of the 4-block division method are less than those of the 6-block division method. The maximum error of the 4-block division method is 4.69 % and the other three errors range from 2 %-4 %. However, the maximum error of the 6-block division method is 10.6 % and the other three errors range from 7 %-9 %. Compared with the 1-block division method, the efficiencies of 4-block division and 6-block division methods are raised by more than 4 time and 5 times. Since it is only the numerical results under one wind and wave incoming angle, the total fatigue damage using the 6-block division method may have larger errors, the 4-block division method is the proper -block division method to be applied in the ITDA method. Fig. 11 . The fatigue damage results of four key nodes defined in Fig. 4 under the incoming wind and waves angle 0°
Fatigue damage analyses
Based on the above-mentioned findings and discussions, Figs. 12(a)-(d) shows the fatigue damage results of the four key nodes (i.e. A, B, C, D) under 12 wind and wave incoming directions (i.e. 0°-330° with an interval of 30°). In order to validate the numerical accuracy of the ITDA method, the numerical results in Fig. 12 are simulated by the ITDA, TDA and FDA method. Meanwhile, the black lines with the black squares represent the fatigue damages results of the ITDA method; the red lines with the red spots are those of the TDA method; lastly, the blue lines with the blue triangles are those of the FDA method.
Seen from Fig. 12 firstly, the results of the ITDA are visually a little bit different from those of the TDA method and FDA method. The statistics data depicts that compared with the TDA and FDA method, the maximum errors are controlled within 7 % and 6.5 %. According to our computing and data process time, the total time cost of the ITDA method reduces to nearly 27.3 % of the TDA method and 68.7 % of the FDA method. It is concluded that the improved methods in the present study can efficiently save computing time with relatively similar results. Observing Fig. 12 further, the changing trends of the fatigue damages are approximately similar with the change of wind and wave incident angles. The fatigue damages increase from 0° to 90° and then decease from 90° to 180°; The change from 180° to 360° is the same. In the up wind-wave state (i.e. 0° and 180°), the fatigue damages of all four key nodes are relatively less than those in the beam wind-wave state or in the oblique wind-wave state, especially in the beam wind-wave state. Therefore, for structural safety, the platform should keep in the up wind-wave state. Meanwhile, since all the fatigue damages are less than 1, this connection is safe and reliable. According to the occurring probability of wind and wave incoming directions [46] , the total fatigue damage of all four key nodes at connection 1 are calculated by the linear weighted method. There are four connections between the horizontal braces and columns in the present whole model, and then the fatigue damages of the four key nodes in the other three connections are calculated similarly. These fatigue damage results are presented in Table 5 . All the fatigue damages are less than 1, which demonstrates the redundant safety of the structural members.
Lastly, in Fig. 13 , the comparisons of the estimated fatigue life are presented to further verify the numerical accuracy and applicability. The estimated results come from the ITDA method, TDA method, FDA method and experimental evaluation [23] from left to right. It is found that the results of the ITDA and TDA methods are relative closer to the experimental evaluation. The design life in the experimental evaluation is defined as 30 years. Comparing to the experimental evaluation, the errors of the ITDA, TDA and FDA methods are 10.8 %, 11.5 % and 17.9 %, respectively. It is demonstrated that the ITDA method is applicable to analyze the fatigue damage of a semi-submersible platform. 
Conclusions
The present study deals with the fatigue damage assessment of local components of a semi-submersible offshore platform subject to the combined wind and wave loads by a proposed improved time domain analysis (ITDA) method. The improvements of the ITDA method include combined wind and waves relationship, the mixture simulation (MS) method, the -block division method and the modified rain-flow counting (MRFC) method used in the loading conditions and the improved multiple interpolation sub-model (IMISM) method used in the modeling process. The explorations and computed results lead to the following conclusions:
1) An MRFC method is provided to count the stress-time history. A series of comparisons between the RFC and MRFC methods shows that the maximum error ranges from 6 % to 7 % with the increasing number of the stress-time history curves, however the MRFC method reduces the time cost in computation by about 1/3 than the RFC method. Therefore, the counting process of the MRFC method is more efficient with less accuracy lost comparing to the RFC method.
2) A combined relationship between wind and the Stokes waves is investigated and the PSDF of wind and waves are obtained. Using the MS method, the time series of wind or waves is generated, and the relationship of wind speed and wave height obtained in the present study is roughly in agreement with the previous published work [45] , especially wind speed less than 10 m/s. The errors are still within 12 % when wind speed exceeds 10 m/s.
3) An -block division method is proposed to compress the number of the short-term sea states as fewer analytical groups. Compared with the 1-block division method, the 4-block division method can control the maximum error within 5 % and raise the efficiency by more than 4 times, which is a proper way to be applied in fatigue damage analyses.
4) Improving the sub-model method, an IMISM method can be used to analyze the structural stress responses of local components of the platform. The present study takes the connections between the horizontal brace and column as an example. Based on the S-N curve approach and cumulative fatigue damage rule, the fatigue damages of four connections between the horizontal braces and columns are calculated. Compared with the existing experimental data, the error of the estimated structural life by the ITDA method is less than that by the TDA method, 10.8 % versus 11.5 %. Under the combined actions of wind and waves, the fatigue damages of all key nodes are less than 1 and this platform has the redundant safety. The changing trends of the fatigue damages of all the key nodes are consistent: the fatigue damages increase from 0° to 90° and then decease from 90° to 180°; The change from 180° to 360° is the same. It is obviously found that their fatigue damages are the least under 0° and 180° (i.e. up wind-wave state). Therefore, it is recommended to adjust the platform in the up wind-wave state to slow down the fatigue damage accumulations.
